Acinetobacter baumannii is a leading cause of ventilator-associated pneumonia in intensive care units, and the increasing rates of antibiotic resistance make treating these infections challenging. Consequently, there is an urgent need to develop new antimicrobials to treat A. baumannii infections. One potential therapeutic option is to target bacterial systems involved in maintaining appropriate metal homeostasis, processes that are critical for the growth of pathogens within the host. The A. baumannii inner membrane zinc transporter ZnuABC is required for growth under low-zinc conditions and for A. baumannii pathogenesis. The expression of znuABC is regulated by the transcriptional repressor Zur. To investigate the role of Zur during the A. baumannii response to zinc limitation, a zur deletion mutant was generated, and transcriptional changes were analyzed using RNA sequencing. A number of Zur-regulated genes were identified that exhibit increased expression both when zur is absent and under lowzinc conditions, and Zur binds to predicted Zur box sequences of several genes affected by zinc levels or the zur mutation. Furthermore, the zur mutant is impaired for growth in the presence of both high and low zinc levels compared to wild-type A. baumannii. Finally, the zur mutant exhibits a defect in dissemination in a mouse model of A. baumannii pneumonia, establishing zinc sensing as a critical process during A. baumannii infection. These results define Zur-regulated genes within A. baumannii and demonstrate a requirement for Zur in the A. baumannii response to the various zinc levels experienced within the vertebrate host.
A
cinetobacter baumannii is a Gram-negative, opportunistic pathogen that is a significant source of hospital-acquired infections, predominately in intensive care units (1, 2) . The most common type of infection caused by A. baumannii is ventilatorassociated pneumonia; however, A. baumannii can cause a range of infections, including wound and burn infections, sepsis, urinary tract infections, meningitis, and osteomyelitis (1, 3, 4) . Additionally, A. baumannii infections have been frequently identified in American military personnel returning from the Middle East, and community-acquired infections have been reported in southeast Asia and Australia (5) (6) (7) (8) . Exacerbating morbidity and mortality caused by A. baumannii is the high rate of acquired antibiotic resistance, and multidrug-and pan-drug-resistant strains of A. baumannii are increasingly being identified (9) (10) (11) . These facts underscore the need for new therapeutic strategies to treat A. baumannii infection.
All organisms, including bacteria, require nutrient metals for growth due to a requirement for these metals as cofactors for enzymes required for numerous physiological processes. In turn, some vertebrate hosts sequester these essential metals from invading pathogens as a defense mechanism termed nutritional immunity (12, 13) . Calprotectin (CP) is a vertebrate protein involved in nutritional immunity that is found at sites of inflammation, such as infected tissues (14) . CP is a heterodimer of S100A8 and S100A9 with one metal binding site that coordinates zinc (Zn) and a second site capable of coordinating Zn or manganese (Mn) (15, 16) . Furthermore, CP is antimicrobial against several pathogens, including A. baumannii, in a manner dependent on its metal-chelating properties (15, (17) (18) (19) (20) (21) (22) . Following A. baumannii pulmonary infection, CP is observed in the lungs of infected mice, and its abundance and distribution reflect the inflammatory response to infection (23) . Importantly, CP is required for controlling A. baumannii pneumonia, as S100A9 Ϫ/Ϫ mice exhibit higher bacterial organ burdens than wild-type mice (18) .
In a transposon mutagenesis screen to uncover factors involved in the A. baumannii response to CP, an inner membrane Zn transporter, ZnuABC, was identified (18) . Deletion of the gene encoding the permease subunit of this system, znuB, results in a mutant that is defective for growth in Zn-limited conditions. Moreover, in a mouse model of A. baumannii pneumonia, the znuB deletion mutant is defective for growth in lungs and for dissemination to the liver, and this defect is dependent on the presence of CP. Finally, znuA, znuB, and znuC are upregulated in the presence of the Zn chelator TPEN (18) . These results demonstrate the importance of CP-mediated Zn sequestration to the host during infection and that Zn acquisition is required for A. baumannii virulence. Additionally, these data suggest that A. baumannii responds to Zn starvation through modification of specialized metal acquisition systems.
Within the A. baumannii genome, znuA is located upstream of znuB and znuC but in the opposite orientation (18) . Immediately upstream of A. baumannii znuBC, and in a predicted operon with these genes, is a gene encoding a candidate Fur family transcriptional repressor termed Zur (zinc uptake regulator). In Zn-replete conditions, Zur proteins bind Zn and recognize a conserved Zur box sequence, thereby repressing target genes (24) . In Zn-depleted conditions, Zur is no longer bound to Zn; therefore, it is released from the Zur box sequence, alleviating target gene repression. A. baumannii Zur has been demonstrated to bind Zn and the Zur box located upstream of zur znuCB in a metal-dependent fashion (18) .
Using a consensus Zur box sequence, other putative Zur boxes have been identified within the A. baumannii genome, resulting in a list of putative Zur-regulated genes (18) . This list includes genes encoding proteins involved in Zn acquisition, such as ZnuABC, two putative outer membrane Zn transporters, ZnuD1 and ZnuD2, and a TonB/ExbB/ExbD (designated tonB Zn ) system that likely provides the energy for Zn transport through the outer membrane. The observed upregulation of znuA, znuB, znuC, znuD1, znuD2, and tonB Zn under low-Zn conditions supports Zur regulation of these genes and their role in Zn acquisition (18) . Here, we define the broader Zur regulon through the creation and analysis of a zur deletion mutant (⌬zur::Km). We also show that Zur binds to several predicted Zur box sequences and that Zurregulated genes are differentially regulated in the presence of various Zn levels, including in CP-mediated Zn-limiting conditions. Furthermore, we demonstrate that Zur is required for A. baumannii adaptation to both high and low levels of Zn. Finally, using a mouse model of A. baumannii pneumonia, Zur is shown to be required for A. baumannii dissemination in a manner dependent on the presence of CP, highlighting the importance of Zur during A. baumannii infection.
MATERIALS AND METHODS
Bacterial strains and reagents. All experiments were performed using Acinetobacter baumannii ATCC 17978 or a mutant derivative. Cloning was performed in Escherichia coli DH5␣. Strains were cultured in Luria broth (LB) at 37°C unless otherwise noted. Kanamycin was used at a 40 g/ml concentration (Km40) when required for selection. Selection on ampicillin was at 100 g/ml (Amp100) for E. coli and 500 g/ml (Amp500) for A. baumannii. All antibiotics were purchased from Sigma. Recombinant human calprotectin was expressed and purified as previously described (17) .
Generation of a zur mutant. For generation of a strain inactivated for zur, approximately 1,000 bp of DNA in both the 5= and 3= flanking regions surrounding zur were amplified from A. baumannii genomic DNA, and the kanamycin resistance gene aph was amplified from the vector pUCK1 (25) . The three PCR products were stitched together using overlap extension PCR, and the construct was then cloned into pCR2.1 (Invitrogen) and its sequence verified. The deletion construct replaces the zur gene with the kanamycin cassette and retains 12 bp (corresponding to 4 amino acids) of the zur open reading frame (ORF) on the 5= and 3= ends. The deletion construct was digested out of pCR2.1 with BamHI and XbaI and ligated into pFLP2 (26) . This vector was then transformed into A. baumannii by electroporation, and bacterial integrants were selected for on LB Km40 agar with overnight growth at 37°C. Transformants were patched onto LB Km40 or LB with 5% sucrose, and merodiploids were Km r and sucrose sensitive. To resolve the integrated plasmid, merodiploid strains were grown overnight in 3 ml LB and incubated overnight at 37°C with shaking. Cultures were serially diluted, plated on LB agar with 5% sucrose, and incubated overnight at 37°C. Transformants were patched on LB Km40 and LB 5% sucrose agar and incubated at 37°C overnight. The Km r and sucrose-resistant strains were screened for the loss of zur and replacement with aph by multiple PCRs and Southern blotting using both zur-specific and aph-specific probes. All relevant primers are listed in Table S2 in the supplemental material.
Construction of the zur complementation vector. The promoter from the 16S gene r01 was amplified from A. baumannii genomic DNA incorporating EcoRI sites at the 5= and 3= ends. Following EcoRI digestion, this promoter was ligated into pWH1266. The zur gene was amplified from A. baumannii genomic DNA incorporating a C-terminal cMyc tag (zurMyc) and a BamHI site at the 5= and 3= ends. zurMyc then was digested with BamHI and ligated downstream of the r01 promoter. The integrity of the r01 promoter and zurMyc sequences was confirmed by sequencing. The empty vector, pr01pro, and the complementation vector, pzurMyc, each were transformed into the ⌬zur::Km strain by electroporation. In addition, the empty vector was also transformed into wild-type A. baumannii to serve as an additional control, accounting for any potential growth differences associated with the vector. All relevant primers are listed in Table S2 in the supplemental material.
Bacterial growth assay in TPEN and in high Zn. Overnight bacterial cultures of wild-type A. baumannii or the ⌬zur::Km strain were subcultured 1:50 in fresh LB for 1 h. For experiments involving complementation, all strains harbored plasmids and were grown in LB Amp500 (ampicillin at 500 g/ml). Following overnight growth, strains were back diluted 1:50 into LB with selection for 1 h. Back-diluted cultures were then reseeded 1:100 into LB containing various concentrations of tetrakis-(2-pyridylmethyl)ethylenediamine (TPEN) from 0 to 80 M, with or without addition of 25 M ZnCl 2 , MnCl 2 , CaCl 2 , or CuCl 2 or 10 M FeSO 4 . For experiments assessing growth at high Zn levels, back-diluted cultures were reseeded 1:100 into LB containing a range of ZnCl 2 concentrations from 0 to 500 M. For all assays, bacteria were grown at 37°C with shaking. For graphs depicting percent growth, the data from the 8-h time point are presented. Data were averaged from at least three replicates, and statistical significance was determined by Student's t test or two-way analysis of variance (ANOVA).
RNA sequencing (RNA-seq). Wild-type A. baumannii and the ⌬zur::Km mutant were grown overnight in 3 ml LB. Cultures were reseeded 1:50 in LB and grown for 1 h at 37°C with shaking. These cultures were reseeded 1:100 in LB and grown for 7 h at 37°C with shaking. Cultures were pelleted at 4°C with 2,500 ϫ g for 8 min and then air dried on ice. Each pellet was suspended in 1 ml TRIzol and transferred to tubes containing lysing matrix B (MP Biomedicals). Bacteria were lysed using a FastPrep-24 (MP Biomedicals) bead beater for 45 s at 6 m/s. Two hundred l chloroform then was added to each tube. After brief vortexing, the tubes were centrifuged for 15 min at 4°C and the upper layer was transferred to a new tube. RNA was purified using the RNeasy preparation kit (Qiagen) according to the RNeasy lipid tissue directions. DNA contamination was removed by adding 8 l RQ1 (Promega), 12 l 10ϫ RQ1 buffer, and 2 l RNase inhibitor (Promega) to each sample and incubating at 37°C for 2 h. Samples were then cleaned up using the RNeasy miniprep RNA cleanup protocol (Qiagen). To ensure purity of the RNA from DNA contamination, an aliquot of RNA was removed for reverse transcription (RT), including no-RT controls, and assessed by PCR. Prior to sequencing, RNA was quantified on the Synergy 2 with Gen5 2.00 software (BioTek).
Vanderbilt Technologies for Advanced Genomics Core Facility (VANTAGE) prepared RNA-seq libraries from 1.5 g of A. baumannii total RNA using the following protocol. First, the integrity of the total RNA was evaluated using the Agilent Bioanalyzer Nano RNA chip. The Ribo-Zero rRNA removal kit for Gram-negative bacteria (Epicentre) was used to remove rRNA by following the manufacturer's protocol. The rRNA-reduced RNA was used as an input to the TruSeq stranded mRNA sample preparation kit (Illumina), skipping the mRNA selection step and going directly into the RNA fragmentation and random hexamer priming step. The RNA was converted into double-stranded cDNA, adapter ligated, and enriched with PCR, replacing the enzyme from the kit with KAPA HiFi DNA polymerase to create the final cDNA sequencing library. The cDNA library underwent quality control (QC) by running on an Agilent Bioanalyzer HS DNA assay to confirm the final library size and on an Agilent Mx3005P quantitative PCR (qPCR) machine using the KAPA Illumina library quantification kit to determine concentration. A 2 nM stock was created, and samples were pooled by molarity for multiplexing. From the pool, a 10.5 pM concentration was loaded into each well for the flow cell on the Illumina cBot for cluster generation. The flow cell was then loaded onto an Illumina HiSeq 2500, utilizing v3 chemistry and HTA 1.8 for a paired-end 50-bp run. The raw sequencing reads in BCL format were processed through CASAVA-1.8.2 for FASTQ conversion and demultiplexing. The RTA chastity filter was used, and only the PF (pass filter) reads were retained for further analysis.
Transcriptome analysis. The Illumina HiSeq 2500-generated FASTQ reads were first processed by using the Bayesian adapter trimmer Scythe (version 0.992; http://github.com/vsbuffalo/scythe) to trim 3= adaptor sequence contaminants from the reads. EDGE-pro v1.3 (Estimated Degree of Gene Expression in Prokaryotes) software (27) then was used to align the reads with Bowtie2 v2.1.0 (28) and estimate gene expression directly from the alignment output. The FASTA of the reference genome sequence (.fna), protein translation table with coordinates of protein coding genes (.ptt), and a table containing coordinates of tRNA and rRNA genes were downloaded from NCBI (ftp://ftp.ncbi.nih.gov/GenBank/genomes /Bacteria/Acinetobacter_ baumannii_ATCC_17978_uid17477). The .fna, .ptt, and .rnt files were concatenated from the main genome and two native plasmids into single input files, and they were used as inputs into EDGE-pro. EDGE-pro was run with default parameters, except for defining the read length as 50 bp (Ϫl 50) and using 16 threads (Ϫt 16) on a 64-core Linux server. On average, more than 96% of the reads were uniquely aligned. Alignment statistics and other QC metrics were calculated from the aligned BAM file using the RSeQC program suite (29) . The output of EDGE-pro was an RPKM value table for the genome and plasmids. A script provided with EDGE-pro called edgeToDeseq.perl was used to concatenate the output of the various samples into a single count table for input into DESeq. The expression level of each gene was determined using DESeq (30) in the statistical programming package R-3.0.0 (http://www.r-project.org). Differences in expression comparing wildtype and ⌬zur::Km strains were considered significant based on a P value less than or equal to 0.01.
Quantitative RT-PCR. Bacteria were grown as done for RNA-seq but under various Zn levels. For TPEN experiments, bacteria were grown in LB with or without 25 M TPEN. For CP experiments, bacteria were grown in 60% CP buffer (16) and 40% LB with or without 250 g/ml CP. For high-Zn experiments, bacteria were grown in LB with or without 100 M ZnCl 2 . RNA was prepared as described for RNA-seq. Reverse transcription was performed using 2 g of RNA and the Moloney murine leukemia virus reverse transcriptase (Promega) by following the manufacturer's instructions. Quantitative PCR was performed using iQ SYBR green Supermix (Bio-Rad) and the cDNA described above, including a no-RT negative control and no-DNA control for each primer pair. PCR was completed on a CFX96 qPCR cycler (Bio-Rad). Fold changes were calculated from threshold cycle (C T ) values from at least three biological replicates after normalizing to 16S rRNA (18) . The quantitative reverse transcription-PCR (qRT-PCR) primer sequences used were previously published for znuA, znuB, znuC, znuD1, znuD2, and tonB Zn (18) , and the rest are listed in Table S2 in the supplemental material.
Zur purification. Zur was purified as previously described (18) . Briefly, E. coli BL21(DE3) containing the Zur expression vector was grown at 37°C with shaking to an optical density at 600 nm (OD 600 ) of 0.6. Protein expression was induced with 0.5 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) and grown an additional 6 h at 37°C. Cells were harvested by centrifugation at 6,000 ϫ g and suspended in lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 20 mM imidazole, 1 mg/ml lysozyme). Cells were lysed by five passes through an EmulsiFlex homogenizer (Aventin, Inc., Ottawa, ON, Canada) at 20,000 lb/in 2 . Lysates were centrifuged at 8,000 ϫ g to remove unlysed cells and debris, and then insoluble material was removed by ultracentrifugation at 100,000 ϫ g for 1 h at 4°C. The supernatants were applied to a nickel-nitrilotriacetic acid column preequilibrated with lysis buffer. The column was washed with 20 bed volumes of wash buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 25 mM imidazole), followed by two washes with wash buffer containing 150 mM imidazole. Zur was eluted in two bed volumes of wash buffer containing 250 mM imidazole. CaCl 2 was added to the eluted sample to a final concentration of 2.5 mM. The His tag was removed by thrombin cleavage. Two units of restriction-grade thrombin (Novagen) was added, and the sample was cleaved and dialyzed overnight at 4°C into 20 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 2.5 mM CaCl 2 . To isolate cleaved Zur, the purification steps described above were repeated, and final Zur eluate was dialyzed into 20 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 5% glycerol.
Electrophoretic mobility shift assay. Predicted Zur box sequences were previously identified upstream of several A. baumannii genes (18) . Oligonucleotides were designed for several putative Zur box-containing genes that covered the predicted Zur box sequence plus 3 to 5 additional base pairs. These oligonucleotide sequences, along with their respective negative controls, are listed in Table S2 in the supplemental material. Negative-control oligonucleotides were designed for regions immediately adjacent to the putative Zur box sequence. One of each oligonucleotide pair was radiolabeled with [␥-
32 P]ATP (PerkinElmer) using the T4 polynucleotide kinase (New England BioLabs), and excess radiolabel was removed with ProbeQuant G50 microcolumns (GE Healthcare). Labeled oligonucleotide was annealed to 5-fold unlabeled complementary oligonucleotide in duplex buffer (30 mM HEPES, pH 8.0, 100 mM potassium acetate) at 95°C for 5 min and then slowly cooled to room temperature. Unlabeled oligonucleotide probes were generated by incubating complementary oligonucleotides at a 1:1 ratio in duplex buffer at 95°C for 5 min and then slowly cooled to room temperature. Purified Zur was mixed with labeled oligonucleotide in the presence of binding buffer [10 mM Tris, pH 8.0, 1 mM EDTA, 1 mM dithiothreitol (DTT), 60 mM potassium glutamate, 150 g/ml bovine serum albumin (BSA), 10% glycerol, 150 mM KCl, 50 ng/l poly(dI · dC)] containing 100 M ZnCl 2 and with or without unlabeled probe competitor. Binding reaction mixtures were incubated at room temperature for 10 min and then loaded directly onto 15% polyacrylamide gel that was prerun in 1ϫ Tris-borate-EDTA (TBE) running buffer at 10 mA for 30 min. Samples were run at 20 mA at room temperature for 15 min. The gel was dried using a vacuum dryer, exposed to a phosphor screen for at least 5 h, and imaged on an FLA7000IP Typhoon (GE Healthcare). All oligonucleotide sequences are listed in Table  S2 in the supplemental material.
Mouse model of pneumonia. All of the animal infection experiments were approved by the Vanderbilt University Institutional Animal Care and Use Committee. Wild-type C57BL/6 mice were obtained from Jackson Laboratories. S100A9 Ϫ/Ϫ mice were a gift from Wolfgang Nacken (Institute of Experimental Dermatology, University of Münster, Münster, Germany). Nine-week-old mice were inoculated with a 1:1 mixture of wild-type A. baumannii and the ⌬zur::Km mutant totaling 5 ϫ 10 8 CFU of bacteria in 30 l phosphate-buffered saline (PBS). At 36 h postinfection, mice were euthanized and CFU were enumerated in the lungs and livers following tissue homogenization and dilution plating on LB and LB Km40. Data presented represent a combination of three separate experiments. The limit of detection of the assay is 200 CFU/g. Significance was determined by a Mann-Whitney nonparametric test.
RESULTS
Zur regulates numerous genes in A. baumannii. In order to investigate the role of Zur in the response of A. baumannii to altered Zn levels, a zur deletion mutant was generated in A. baumannii ATCC 17978 using allelic exchange. This mutant was utilized to identify genes whose expression is affected by Zur. RNA-seq was employed to evaluate gene expression changes in the ⌬zur::Km mutant compared to the wild type following growth in Zn-replete conditions. There were 76 genes that had statistically significant (P Ͻ 0.1) increases in expression in the ⌬zur::Km mutant compared to that in the wild type (Table 1) . Furthermore, nine of the original 16 predicted Zur-regulated genes had increased expression at least 2-fold, including znuA, tonB Zn , exbB, exbD, znuD1, znuD2, rpmE2, A1S_3411, and A1S_3412 (18) . In addition to these candidate Zur-regulated genes, other genes predicted to be involved in metal homeostasis exhibited significantly increased transcript abundance, including a putative ferric siderophore receptor (A1S_0092). A Co/Zn/Cd efflux system (A1S_1044 to A1S_1045) exhibited a Ͼ2-fold increase in gene expression; however, this change was not statistically significant. Interestingly, an operon involved in histidine catabolism, which is analogous to the histidine utilization (Hut) system widely conserved among bacteria, has increased expression in the ⌬zur::Km mutant (31). The expression changes for this Hut system were not statistically significant; however, the expression of the entire system increased more than 2-fold in the ⌬zur::Km mutant. There were numerous genes with higher expression in the ⌬zur::Km mutant that are not predicted to have a Zur box, suggesting that these genes are indirectly regulated by Zur. The other transcriptional regulators with increased transcript levels in the ⌬zur::Km mutant could account for these expression changes and suggest that A. baumannii encodes additional regulators that respond to Zn levels. Finally, the transcripts of several genes encoding secreted proteins and virulence factors were more abundant in the ⌬zur::Km mutant, suggesting a link between Zur and pathogenesis. a Statistically significant changes were determined at P Յ 0.01 and are listed in Table S1 in the supplemental material. b Annotations are listed as designated in the NCBI or UniProt database.
An additional 68 genes exhibited statistically significant decreases in transcript abundance in the ⌬zur::Km mutant (Table 2 ). This list largely includes genes encoding proteins involved in metabolic processes and hypothetical proteins. Of interest, a set of genes involved in fatty acid synthesis (A1S_0103 to A1S_0109) were all at least 2-fold decreased in the ⌬zur::Km mutant. Additionally, at least seven genes involved in benzoate metabolism were decreased in expression in the ⌬zur::Km strain at least 2-fold or more. The complete list of annotated genes with the associated raw reads, fold changes, and significance values is presented in Table S1 in the supplemental material.
To validate the observed expression changes in the RNA-seq a Statistically significant changes were determined at P Յ 0.01 and are listed in Table S1 in the supplemental material. b Annotations are listed as designated in the NCBI or UniProt database.
FIG 1
A. baumannii has altered gene expression in the absence of Zur. In order to validate the expression changes identified by RNA-seq, wild-type and ⌬zur::Km strains were grown under conditions used for RNA-seq. RNA was isolated and cDNA generated. Expression changes for selected genes from the RNA-seq experiment were assessed by qPCR on cDNA prepared as described in the text. The graph depicts fold changes in the ⌬zur::Km strain relative to the wild type from at least three separate experiments. Statistical significance was determined by Student's t test using a reference value of 1.0. *, P Յ 0.05; **, P Յ 0.0005.
experiments, we performed qRT-PCR comparing the expression of several genes in the ⌬zur::Km mutant to that of the wild type (Fig. 1) . These experiments confirmed the expression changes observed by RNA-seq; however, in most cases qRT-PCR demonstrated a greater effect of zur inactivation. Taken together, these results reveal the impact of zur inactivation on gene expression in A. baumannii. Alterations in Zn levels affect the expression of candidate Zur-regulated genes. The canonical model for Zur-mediated gene regulation suggests that Zur derepresses expression of target genes in low-Zn conditions (32) . Consistent with this, several predicted Zur-regulated genes have been shown to be upregulated in the presence of the Zn chelator TPEN, including znuA, znuB, znuC, znuD1, znuD2, and tonB Zn (18) . qRT-PCR analyses demonstrate that zur, A1S_3103, A1S_3411, and A1S_3412 are also upregulated in A. baumannii grown in the presence of 25 M TPEN ( Fig. 2A) . Furthermore, all of the above-described genes are upregulated to an even greater magnitude in the presence of the Zn-chelating protein CP (Fig. 2B ). This same set of genes all are downregulated in bacteria grown under conditions of excess Zn, supporting a model whereby Zur represses gene expression when it binds Zn (Fig. 2C) . Together, these data support the conclusion that alterations in Zn levels affect the expression of candidate Zurregulated genes.
Zur binds to predicted Zur box sequences. The impact of zur inactivation on gene expression can be due to either direct or indirect regulation by Zur. To determine if Zur recognizes and binds to the predicted Zur boxes of putative target genes, we performed electrophoretic mobility shift assays in Zn-replete conditions. Purified Zur was incubated with radiolabeled target DNA corresponding to either the predicted Zur box sequence or a negative-control sequence of DNA immediately adjacent to the predicted Zur box. We assessed Zur binding to the Zur boxes upstream of several Zur-regulated genes, including znuD1, znuD2, tonB Zn , A1S_3103, A1S_3411, and A1S_3412. Zur binds to the Zur boxes of each tested gene but not the negative-control sequences (Fig. 3A) . Incubation of purified Zur with labeled Zur box sequences in the presence of an unlabeled specific competitor DNA competes off Zur from the labeled Zur box sequence (Fig. 3B) . Finally, purified Zur incubated with Zur box sequence in the presence of the unlabeled nonspecific competitor DNA does not prevent Zur binding to the labeled Zur box sequence (Fig. 3C) . Together, these results demonstrate that Zur specifically binds to the predicted Zur box sequences upstream of znuD1, znuD2, tonB Zn , A1S_3103, A1S_3411, and A1S_3412 and implicates these genes as being directly regulated by Zur.
Zur is required for A. baumannii growth in high Zn. Zn and other transition metals are toxic at high levels, necessitating the strict regulation of metal import. Toxicity is prevented in part through the repression of acquisition systems by metalloregulators such as Zur. In the absence of Zur, A. baumannii has increased expression of Zn uptake systems, which may result in increased Zn uptake and higher susceptibility to Zn toxicity. To test this hypothesis, we grew wild-type A. baumannii and the ⌬zur::Km mutant in the presence of increasing concentrations of ZnCl 2 (Fig.  4A) . In these experiments, wild-type growth was unaffected by increased Zn, whereas the ⌬zur::Km strain displayed a dose-dependent growth defect. Expression of zur in trans restored the growth of the ⌬zur::Km strain to wild-type levels (Fig. 4B ). These data demonstrate a role for Zur in avoiding Zn toxicity through repression of Zn uptake systems when Zn levels are high.
Zur is required for A. baumannii growth in low Zn. The large number of genes altered in expression in the ⌬zur::Km mutant led us to investigate whether Zur also is required for A. baumannii growth under low-Zn conditions. Wild-type and ⌬zur::Km strains were grown in 20 M the Zn chelator TPEN, a concentration previously demonstrated to inhibit growth of A. baumannii (18) , and the growth of TPEN-treated wild-type and ⌬zur::Km strains was compared to the growth of untreated strains for 10 h. These experiments revealed that the ⌬zur::Km strain exhibits a decrease in fitness compared to that of wild-type A. baumannii under Znlimiting conditions (Fig. 5A and B) . The growth defect of the ⌬zur::Km mutant can be complemented by the expression of zur in trans, demonstrating that this phenotype can be attributed to the loss of zur. Taken together, these results reveal that A. baumannii requires Zur for adaptation to high and low levels of Zn (Fig. 4 and 5) .
Zur contributes to A. baumannii dissemination to the liver in a mouse model of pneumonia. The importance of Zur to growth in the presence of various Zn concentrations suggests that Zur enables A. baumannii to respond to alterations in Zn concentrations encountered within the vertebrate host. In order to test this hypothesis, we performed a coinfection experiment using wild-type and ⌬zur::Km strains in a murine model of A. baumannii pneumonia. Wild-type mice were inoculated intranasally with a 1:1 mixture of wild-type and ⌬zur::Km strains (5 ϫ 10 8 CFU total). After 36 h, animals were sacrificed, bacterial burdens in lungs and livers were determined following tissue homogenization, and a competitive index was calculated (Fig. 6A) . Equivalent numbers of wild-type and ⌬zur::Km bacteria were recovered from the lungs. However, the wild type outcompetes the ⌬zur::Km strain in measures of dissemination to the liver in this model. Figure 6B shows the CFU/g (log 10 ) for each organ. These results reveal a contribution of Zur to A. baumannii dissemination to the liver following pulmonary infection.
CP-dependent metal chelation is antimicrobial toward A. baumannii, and zur is upregulated in the presence of CP (18) . In keeping with this, we assessed the contribution of CP to replica- tion and dissemination of the ⌬zur::Km strain following pulmonary challenge in the coinfection model described above using CP-deficient mice (S100A9 Ϫ/Ϫ ). Consistent with prior published observations (18) , S100A9 Ϫ/Ϫ mice exhibit increased susceptibility to A. baumannii infection, as evidenced by increased organ burdens in the lungs and livers (Fig. 6A and B) . The loss of CP also restores the ability of the ⌬zur::Km strain to compete with the wild type in the liver, implicating CP as a primary contributor to the Zn-starved environment experienced by A. baumannii during infection. Together, these results suggest that the reduced bacterial burdens of the ⌬zur::Km strain compared to those of the wild type is the result of an inability of this mutant strain to compete with CP and obtain Zn during infection.
DISCUSSION
Zur proteins are metalloregulators that are important for regulation of genes required to adapt to Zn limitation and to avoid Zn toxicity. When Zn is readily available, Zn-bound Zur recognizes a conserved Zur box sequence upstream of target genes, thereby repressing transcription. In situations where Zn is scarce, Zur is no longer bound to the Zur box, and target genes are derepressed. Zur responds to Zn at femtomolar levels via high-affinity Zn binding sites within the homodimer in order to regulate target genes (33) (34) (35) . The extreme sensitivity of Zur to Zn levels reflects the importance of proper metal homeostasis within the bacterial cell. In the present study, we have assessed the contribution of Zur to the A. baumannii response to various Zn levels, both in vitro and in a murine model of pneumonia.
Assessment of global transcriptional changes in A. baumannii ⌬zur::Km revealed a large number of genes that are regulated by Zur, either directly or indirectly. Some of the genes found to be Zur regulated in A. baumannii have homologs shown to be Zur or Zn regulated in other bacteria, largely those genes involved in metal homeostasis (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) . These include znuA, znuB, znuC, znuD1, znuD2, rpmE2, czcD, and a gene encoding a putative siderophore receptor, A1S_0092. Interestingly, the most highly upregulated gene in the ⌬zur::Km strain was A1S_3411. This gene encodes a protein predicted to belong to the conserved COG0523 family, and genes of this family have also been detected in other Zur regulons or upregulated in Zn-limiting conditions (41-43, 45, 51) . The function of this highly conserved family of proteins is still not known; however, they are projected to be metal-binding Ploop GTPases involved in metallocenter formation (52) . Also consistent with Zur regulators in other bacterial species, A. baumannii Zur regulates TonB-dependent receptors (42) (43) (44) . In this regard, we identified a TonB system that is also Zur regulated. This could reflect a specialized system in A. baumannii, an organism that encodes several predicted TonB systems (53, 54) . Furthermore, other regulators, transporters, virulence factors, and secreted proteins have been identified as being Zur or Zn regulated in various bacterial species (39-45, 48, 50) . One unique group of Zur-regu- lated genes identified in this analysis are those belonging to the Hut system. The Hut system is responsible for the catabolism of histidine to the end products glutamate, ammonia, and formate/ formamide (31) . A functional link between histidine catabolism and adaptation to Zn-limiting conditions has yet to be defined.
The lack of significant upregulation of znuB and znuC in the ⌬zur::Km mutant for both RNA-seq and qRT-PCR could be the result of an unidentified regulatory element being disrupted following deletion of the upstream zur gene or the loss of transcript stability in the absence of zur. Alternatively, the basal levels of ZnuB and ZnuC may be higher; therefore, a dramatic increase in expression under low-Zn conditions is not required. Finally, it is possible that zur and znuBC are cotranscribed and their regulation simply reflects that of zur, which is not highly upregulated. In other words, due to the toxicity that could occur following the extensive upregulation of a regulator, such as Zur, zur levels may be controlled to prevent overexpression. The downstream znuB and znuC expression levels consequently are not as high. Notably, modest upregulation of znuB and/or znuC in the ⌬zur::Km mutant or under Zn-limiting conditions has been reported previously for other organisms (39, 41, 42, 44, 48) .
We observed a substantial number of genes upregulated in the ⌬zur::Km strain that are not predicted to contain Zur box sequences. These genes likely are regulated by Zur indirectly through derepression of other Zur targets, perhaps one of the six regulators with changed expression in the zur mutant. Alternatively, the increased expression of genes without an identifiable Zur box in the ⌬zur::Km strain may be due to Zur directly regulating a subset of genes through a motif distinct from that of the Zur box. There is precedence for noncanonical DNA-binding consensus sequences for the closely related Fur regulator in other organisms (55) (56) (57) . In this vein, our electrophoretic mobility shift assays show that Zur binds to the predicted Zur box of several genes not previously shown to be Zur regulated. Although the functions of these genes have yet to be empirically determined, direct Zur regulation links these genes to Zn homeostasis.
As predicted, A. baumannii Zur-regulated genes decrease expression in Zn-replete conditions, and derepression of Zur target genes was observed when Zn was limiting, including in the presence of the host protein CP. Notably, the Zur-regulated genes were found at dramatically increased levels in the presence of CP compared to A. baumannii grown in the presence of TPEN or to the ⌬zur::Km strain. Overall, these data support the Zn dependency of the Zur-mediated regulation. Furthermore, these data suggest that in low-Zn conditions, there is a synergistic effect of host metal chelation and Zur binding. First, limited Zn prevents bacteria from populating Zn-dependent proteins involved in numerous processes, such as metabolism, transcription, and translation, thereby slowing bacterial growth. Second, Zn chelation adequately sequesters Zn from Zur; therefore, repression of Zur target genes is relieved, allowing bacteria to adapt to these conditions.
On the other hand, the loss of zur increases A. baumannii sensitivity to Zn toxicity, which is consistent with other reports of a Zur homolog in the cyanobacterium Anabaena sp. strain PCC 7120 and Xanthomonas campestris pv. campestris (43, 58) . The increased toxicity to high levels of Zn likely reflects the derepression of Zur-regulated Zn acquisition systems and a concomitant increase in intracellular Zn. The mechanisms of Zn toxicity are not clear; however, they may involve competition with other metal ions in metalloproteins and enzyme inhibition (59, 60) . Many bacteria express Zn efflux systems to keep intracellular Zn at subtoxic levels, such as ZntA and ZitA, two well-characterized transporters in E. coli; however, Zn efflux systems have yet to be described in A. baumannii (61, 62) . RNA-seq data identified a putative Zn efflux system (A1S_1044-A1S_1045) that exhibits a Ͼ2-fold increase in expression in the ⌬zur::Km mutant. A1S_1044 and A1S_1045 share identity with genes of a Co/Zn/Cd efflux system (CzcD). Perhaps expression of an efflux system when the level of Zn is low aids in the maintenance of Zn homeostasis and prevention of Zn toxicity that may be encountered due to upregulation of Zn uptake systems. Notably, A. baumannii lacking zur is defective for growth in Zn-starved conditions. The improper regulation of proteins involved in Zn uptake or in modification of the metalloproteome or A. baumannii metabolism could result in a growth defect of the ⌬zur::Km strain under these conditions. Supplementation with Zn, Mn, or Cu but not Fe or Ca complements growth of the zur mutant under low-Zn conditions, suggesting that the growth defect is metal dependent but not necessarily Zn specific (see Fig. S1 in the supplemental material). One possible explanation for these data is that an excess of divalent cations with affinity for TPEN can outcompete Zn for the TPEN and liberate Zn for A. baumannii to access. An alternative possibility is that A. baumannii can adapt to low Zn by modifying its metalloproteome through the distribution of non-Zn metals in order to maintain at least minimal processes required for growth. We are currently investigating these and other possibilities. Using a mouse model of A. baumannii pneumonia, we demonstrated that Zur is necessary for dissemination to the liver. The organ-specific phenotype could have several biological explanations. First, there may be different metal levels in infected lungs than in infected livers. Since the loss of CP restored growth of the ⌬zur::Km mutant to wild-type levels, this suggests that the ⌬zur::Km phenotype is the result of metal limitation that would be alleviated when CP is absent. CP is expressed in the lungs following A. baumannii infection; however, CP levels in the A. baumannii-infected liver have not been evaluated. Alternatively, since CP is also a proinflammatory mediator, it is possible that the growth defects in the liver, for both the zur and znuB deletion mutants (18) , are the result of a modified immune response that is more detrimental to these A. baumannii mutants. Finally, the decreased burdens in the liver may specifically represent a dissemination defect as opposed to a growth defect, such that the ⌬zur::Km strain is less able to survive in the blood and, consequently, fewer bacteria reach the secondary site. Further studies are required to investigate the role of Zur and other Zn homeostasis mutants during A. baumannii infection.
Our data describe the Zn regulon in A. baumannii, including genes involved in metal homeostasis, metabolism, and virulence. Moreover, we have demonstrated a role for Zur in the ability of A. baumannii to grow in the presence of various levels of Zn and within the host during infection. In general, the ability of bacterial pathogens to respond to the various metal levels in the host is crucial to establishing infection because of the requirement for metals in a variety of physiological processes. In view of the increasing rates of antibiotic resistance in A. baumannii and other bacteria, identification of new targets for antimicrobials is urgently needed. Systems involved in bacterial metal homeostasis are attractive possibilities due to their importance in bacterial physiology and growth as well as the conservation of these systems among bacterial species.
